Effects of leptin on food intake and nitric oxide (NO) metabolites (nitrite and nitrate, NOx) levels of brain were investigated in mice. Leptin dose-dependently decreased milk intake in food-deprived mice. Administration of leptin at a dose of 1 mg/kg, which induces an apparent hypophagia, did not affect NOx levels in the hypothalamus and frontal cortex. These results suggest that leptin reduces food intake in food-deprived mice without altering NO production in the hypothalamus, which plays an important role in regulation of feeding.
Leptin, the ob gene product, is secreted from white adipose tissues. 1, 2) Leptin potently induces anorexia and increases energy expedience in animals. [1] [2] [3] [4] [5] Leptin suppresses food intake in both obese and normal animals. [1] [2] [3] It was reported that leptin decreases food intake in genetically obese ob/ob mice, which are deficient in leptin. 4, 5) It has been suggested that leptin-induced hypophagia is elicited by activation of leptin receptors in the central nervous system. [1] [2] [3] Hypophagic effects of leptin have been investigated regarding several neurotransmitters and hormones. For instance, it was reported that corticotropin releasing hormone (CRH), melanin stimulating hormone (MSH), neuropeptide Y or histamine may be targets of leptin for expressing anorexia. 1) Nitric oxide (NO) plays a role in several physiological functions including regulation of vascular tone and blood pressure. 6) Previous reports demonstrated that NO may participate in the regulation of food intake. It was reported that NO synthase (NOS) inhibitors such as N G -nitro-L-arginine or N G -nitro-L-arginine methyl ester (L-NAME) decreases food intake in obese and normal animals. [7] [8] [9] NO synthase inhibitors also inhibit hyperphagia elicited by 2-deoxy-D-glucose, chlordiazepoxide or morphine. [10] [11] [12] [13] Squadrito et al. reported that the NOS inhibitor induces anorexia by modifying brain serotonin, which is an anorectic neurotransmitter. 8) These previous findings raise the possibility that there may be an interaction between NO and leptin in the regulation of food intake. Previously it was reported that leptin may decrease NOS activity in the brain. 14) Thus, following the administration of leptin, NO production may be decreased in the brain. However, it has not yet been clarified whether leptin alters NO production. In the present study, therefore, we investigated the effects of leptin on food intake of food-deprived mice and NO metabolites (nitrite and nitrate, NOx) levels in brain.
MATERIALS AND METHODS

Animals
Male ddY mice weighing 28-32 g were obtained from SLC Japan Inc. (Japan). Mice were given free access to food and water and they were housed under a controlled 12-h/12-h light-dark cycle (light from 7:00 a.m. to 7:00 p.m.), with room temperature at 23Ϯ1°C and humidity at 55Ϯ5%. Mice were starved for 24 h before experiments.
Water was always provided during experiments. After starvation for 24 h, about 3-5 g body weights decreased.
Drugs and Treatment Mouse recombinant leptin was obtained from PeproTech EC (U.K.). Leptin was dissolved in citrate-Na buffer (pH 4.0) and injected i.p. at a volume of 0.1 ml/10 g. Leptin was administered between 1:00 and 2:00 p.m.
Measurement of Food Intake
Mice were placed into individual stainless wire cages. Milk (Eva milk, Snow Brand, Japan) diluted with purified water three times, was given to mice and milk intake over 120 min was measured. Milk was given to mice 30 min after the injection of leptin. Milk intake was expressed as ml per 10 g of body weight.
Determination of NOx in the Brain NO metabolites (nitrite and nitrate, NOx) levels in the hypothalamus and frontal cortex were extracted and determined following the previously described method using the HPLC-diazotization detection system [15] [16] [17] (HPLC-Griess method, NO analyzing system, ENO-20, Eicom, Japan). Nitrite and nitrate were separated by a reverse-phase column (10 m polystyrene polymer, NO-PAK, 4.6ϫ50 mm, Eicom, Japan). Nitrate was reduced to nitrite by a copperized column (NO-RED, Eicom). Nitrite was mixed with Griess reagent (1.25% HCl, 5 g/l sulfanilamide and 0.25 g/l N-naphtylenediamine) to form a purple azo dye in a reaction coil placed in a column oven at 35°C and the absorbance of the dye product was measured at 547 nm. The mobile phase was 10% methanol containing 0.15 M NaCl, 0.15 M NH 4 Cl and 0.5 g/l EDTA-Na and the flow rate was 0.33 ml/min. The Griess reagent was delivered by a pump at a rate of 0.1 ml/min.
The mouse brain was rapidly removed after decapitation and the frontal cortex and hypothalamus were dissected on dry ice. The frontal cortex and hypothalamus were sonicated in 3 volumes of methanol and centrifuged at 12000 rpm for 10 min, then the supernatant was diluted with an equal volume of the mobile phase. The diluted supernatant of brain was injected into the HPLC. The total NO metabolite (NOx) levels were calculated by summing the nitrite and nitrate levels.
Statistical Analysis Dose related effects of leptin and time coures changes were analyzed by analysis of variance (ANOVA), that were followed by Dunnet's test at each time point. Data between two groups was analyzed by Student's t-test. Figure 1 shows the effects of leptin on milk intake in fooddeprived mice. Milk intake gradually increased during 120 min. As shown in the results, administration of leptin at 0.5 and 1 mg/kg significantly reduced milk intake. Figures 2 and 3 show the effects of leptin on NOx levels of the hypothalamus and frontal cortex of food-deprived mice. NOx levels were determined 30 and 60 min after the injection of leptin. As shown in the results, leptin did not NOx levels of both the hypothalamus and frontal cortex of mice.
RESULTS
DISCUSSION
The product of the ob gene, leptin, is circulated into the blood and enters the brain, thereby controlling appetite and body weight.
1) The present result demonstrated that a single administration of leptin i.p. 0.5 or 1 mg/kg decreases milk intake in food-deprived mice. Hypophagic effects of leptin lasted for at least 120 min. Continous injection of leptin at lower dosages than those in this study, reduces the food intake and body weight of ob/ob mice with leptin deficiency and normal mice. [1] [2] [3] [4] [5] However, the previous report showed that after a single administration of leptin at 1 mg/kg, it induced the anorectic effects in fasted rats, 18) which is consistent with the present result. Therefore, the present results demonstrated that a single administration of leptin decreases food intake in food-deprived mice, although a higer dose are required than those of continuous treamtment.
It has been reported that NO may be a factor in regulating of food intake. Since inhibition of NO formation by NOS inhibitors decrease feeding, 7, 10, 19) NO is recognized as an endogenous orexigenic factor. Calapai et al. postulated that leptin may decrease neuronal NOS activity of brain. 14) However, there is no report examining brain NO production after treatment with leptin. It is well known that the hypothalamus is a significant brain area controlling appetite and that frontal cortex plays an important role in behavior including feeding behavior. Thus, we investigated NO metabolites, NOx levels in the hypothalamus and frontal cortex.
As shown in results, NOx levels are higher in the hypothalamus. Following the injection of leptin at 1 mg/kg, NOx levels in the hypothalamus were not changed at all. Leptin did not affect NOx levels in the frontal cortex either. Thus, leptin can elicit anorexia in food-deprived mice without decreasing NO production in the brain. A previous report indicated that administration of leptin for 5 consecutive days deceases brain NOS activity in non-fasted mice.
14) The present result demonstrated that a single administration of leptin did not affect NOx levels in fasted mice. Thus, differences between those results and our result may be due to the experimental condition. Since NOS or NOS mRNA levels are not yet clear in this conditon, further studies are required.
Treatment with NOS inhibitors decreases food intake in rats and mice. It was reported that the NOS inhibitor, N G -nitro-L-arginine decreases feeding in food-deprived rats. 20) This suggests that NO production may be increased by food deprivation. However, investigation on NOS levels in fooddeprived rats did not show elevation in the brain. Isse et al. reported that starvation for 48 h decreases neuronal NOS mRNA levels in the rat hypothalamus. 21) Outkonyong also demonstrated that food deprivation reduces NADPH diaphorase-positive neurons in the brain, which reflect the NOS levels. 22) In addition, we recently found that food deprivation for 24 h did not alter hypothalamus NOx levels, while that for 48 h decreased NOx levels. 17) Therefore, under food deprivation, there is no elevation of NOS and NOx levels in the brain, although the appetite is facilitated. Our present results have shown that leptin did not alter NOx levels in the hypothalamus and frontal cortex of fasted mice, while it suppressed food intake. Therefore, in food deprivation, the anorectic effects of leptin are not associated with NO production.
In conclusion, the present results demonstrate that peripherally administered leptin inhibited food intake in food-deprived mice. However, leptin did not alter NOx levels in the hypothalamus and frontal cortex of food-deprived mice. Hypophagia elicited by leptin has been reported to involve several factors such as neuropeptide Y or CRH.
1) Therefore, leptin-induced anorexia in food-deprived mice may be related to these substances rather than NO.
